Abstract-The continuous extrusion (the Conform method) of a noncompact aluminum material of the Al⎯Mg system is investigated. The experimental data on the variation in temperature and energy power pro cess parameters are found. An analysis of the variation in temperature and hydrostatic pressure in the zone of the deformation treatment is implemented. Seven zones which qualitatively characterize the extrusion of a noncompact material are revealed during this analysis. An essential nonuniformity of the hydrostatic pressure in the deformation region, which governs the inhomogeneity of the properties of prepared billets, is observed.
INTRODUCTION
Continuous extrusion using the Conform method 1 is one promising method to produce wares of long length. Its main advantages are low prime cost of production, an insignificant amount of rejects, rather high manufacturing flexibility due to rapid tool replacement, the provision of high extrusion rates, and the absence of the necessity for preliminary billet heat ing [1, 2] .
The Conform technology was developed by a group of scientists from the United Kingdom Atomic Energy Administration (UKAEA) to acquire long term cali brated rods, pipes, and profiles made of nonferrous metals [3, 4] . The method was developed in the course of further investigations in which compact materials were mainly used as extrusion billets.
In addition to that, some authors showed the possi bility of using billets for the continuous extrusion of noncompact materials [5, 6] , including composite ones [7] , and substantiated the efficiency of applying such production flowsheet. Its clear advantages are the absence of the preliminary briquetting operation and possibility to form wares with a density close to the theoretical one.
However, despite obvious advantages, the continu ous extrusion of noncompact materials had not found wide application in industry. This is caused by its 1 The term "continuous extrusion" is used in the text. insufficient industrial elaboration associated with poor knowledge of processes of extrusion, consolidation, and metal flow in the deformation region; the absence of substantiated recommendations by power and tem perature extrusion conditions; and low durability of the extrusion tool.
Occurring models of continuous extrusion, includ ing limitation ones, are mainly developed to describe the treatment of compact materials and are directed to investigating the characteristic of the plastic flow of metal, calculating power process parameters, optimiz ing the tool design, and eliminating defects during extrusion [8] [9] [10] [11] [12] .
It is known that damage healing during the deforma tion treatment of noncompact materials is generally determined by the degree of deformation, the scheme of the stressed state, the shape of the deformation tra jectory, the temperature, and the deformation rate [13] . However, the degree of consolidation can be to a first approximation performed based on the analysis of vary ing the temperature and hydrostatic pressure.
The authors of [14] proposed the model and pre sented the results giving the notion on the temperature and pressure variation depending on the extrusion rate of the compact material. It should be noted that the proposed model does not completely take into account the flow features of the treated material.
The elimination of the mentioned disadvantage and model development due to the account of numer ous affecting factors is performed by the author of [15] . This circumstance allowed him to use the model for studying the continuous extrusion of noncompact alu minum materials AlSi 12 , AlMgSi 0.5 , and Al 99. 7 . The pressure and temperature distribution in the treated material allowing for accepted assumptions is described in [15] with the help of the one dimensional edge problem numerically implemented using a finite difference method.
Features of the Variation of Energy
However, the one dimensional statement of the problem lowers the value of acquired results since it does not allow us to take into account the distribution uniformity of parameters under study in the volume of the treated material. This fact is an essential disadvan tage in connection with the fact that the formation of a two zone flux of metal flow is characteristic of the continuous extrusion [16] , which leads to the distribu tion nonuniformity of the hydrostatic pressure in the deformation region. Therefore, in order to acquire the reliable data on the distribution of desired quantities, calculations should be performed in a three dimen sional statement.
Allowing for the aforesaid, this study is aimed at investigating the continuous extrusion of aluminum material in order to establish the character of varying the energy power parameters (particularly, the work ing wheel torque), temperature, and hydrostatic pres sure in the deformation treatment region. Taking into account that the visual representation of the behavior of a compact material during the continuous extrusion by the methods of physical modeling seems impossi ble, the approach successfully applied in [17] was used when performing the studies:
(i) the temperature and power extrusion parame ters are preliminarily determined;
(ii) the imitation model process is developed and adjusted based on our data.
The joint analysis of the results of modeling and experimental data allowed us to acquire the qualitative representation on the behavior of noncompact alumi num material during the deformation treatment and quantitative evaluations of varying parameters of our interest during continuous extrusion.
EXPERIMENTAL
Working wheel torque (M) and temperature (θ) were investigated during the charge compaction using a Conform 350 installation according to the scheme shown in Fig. 1 . As the charge, we used granules 1-2 mm in size made of Al-1.5 wt % Mg alloy. Extrusion was performed with preliminary tool heating to 380°C and rotation rate of the working wheel of 4 rpm, which allowed us to perform the deformation in conditions rec ommended for aluminum alloys (the temperature was 460°C and metal outflow velocity was ~9 m/min). The elongation ratio was λ Σ = 6.
In connection with the impossibility to determine the temperature (θ) immediately in the deformation region, it was measured using one element of the extrusion tool, notably, stop (see Fig. 1, item 4) , which is closest to the deformation region forming its lower boundary. In this case we used the chromel-alumel thermocouple mounted in the stop body at a distance of 5 mm from its working surface. The energy power parameters of continuous extrusion were determined by recalculating the electric motor current of the installation into the torque.
To collect and process the experimental data, we applied the equipment produced by National Instru ments. Recording, processing, and visualization of experimental results were performed in the LabVIEW DAQmx software complex. For this purpose, we devel oped a virtual device for controlling the experimental data in the LabVIEW medium. According to its set tings, the signal from all sensors was recorded in a par allel mode, and the interrogation frequency was 0.5 kHz. The performance of a series of experiments allowed us to acquire data on the variation in the energy power parameters of continuous extrusion and correspond ing temperatures at a lower boundary of the deforma tion region.
The qualitatively similar character of experimental dependences and a small data variance give grounds to assume that our plots (Fig. 2) of varying the torque (M) and temperature (θ) are typical of the continuous compaction of noncompact aluminum alloy with pre liminary tool heating.
The analysis of dependences presented in Fig. 2 allows us to distinguish three stages of continuous extrusion:
(i) the initial stage, which is characterized by the unsteady metal flow and maximal power parameters;
(ii) the basic stage, the characteristic sign of which is the established metal flow mode, during which the temperature of the deformation region and power parameters remain constant in time;
(iii) the final stage, when the plastic metal flow is stopped, due to which the studied parameters are low ered to initial values.
It should be noted that the duration of the basic stage under the corresponding cooling is limited only by the durability of the compaction tool and consider ably exceeds the first and third stages.
Let us consider in detail all stages of continuous compaction of a noncompact material and describe the processes occurring in them based on the summary analysis of the experimental results and imitation modeling.
Segment 0-5 in Fig. 2 corresponds to the initial stage of compaction. In segment 0-1, the charge is captured and pressed into the groove of the rotating working wheel by a clamping roller, which is in essence similar to asymmetric rolling with jamming in a cali ber. Active friction forces, due to which the treated material is supplied into a container to contacting with the stop, start to act in the contacting zone of the groove and precompacted charge. A container repre sents a limited space region formed by surfaces of the working wheel, matrix holder, and input block (see Fig. 1 ).
When contacting with the stop in point 1, densifi cation, depressurization, and filling the container by the extruded material sequentially occur, which leads to an increase in the torque (see segment 1-2). An increase in temperature of the treated material observed in this case is caused by the heat transfer from preliminarily heated extrusion tool and deformation work. The deformation trajectory changes in point 2 and outflow of the extruded material from the con tainer into the output matrix channel starts. This phe nomenon leads to an increase in the deformation work and reactive friction forces, which promotes an increase not only in the torque but in the deformation region temperature as well (see segment 2-3). An increase in the metal outflow velocity in the matrix output channel leads to an increase in the deformation resistance. This phenomenon promotes an increase in the metal volume in the container, due to which the reactive friction forces and deformation region tem perature increase (see segment [3] [4] . It should be noted that the magnitude of the torque in point 4 attains the maximal value. The flow stress lowers as the temperature increases and, consequently, torque decreases (see segment [4] [5] . The system reaches the equilibrium value in point 5.
Segment 5-6 corresponds to the basic stage of con tinuous extrusion. The volume of the extruded mate rial in the container becomes constant similarly to the deformation region; the temperature of the latter is maximal.
The charge supply is stopped at segment 6-7, which causes container emptying of the treated mate rial and extrusionstopping. These experimental data allowed us to develop and adjust a three dimensional imitation model of contin uous extrusion of a noncompact aluminum material taking into account all the described process stages.
THEORETICAL INVESTIGATIONS
An investigation into the peculiarities of varying temperature (θ) and hydrostatic pressure (p) in the region of the deformation treatment on the main pro cess stage was performed using imitation modeling. The numerical implementation of a three dimen sional imitation model is fulfilled with the help of the Deform 3D software complex. The reliability of results of modeling is verified by means of comparing the computational and experimental values of torque (M). It is established that the divergence did not exceed 14%, which allows us to speak about the correctness of used boundary conditions and apply the imitation model to study the continuous extrusion of a noncom pact aluminum material.
We performed series of calculations with various constructive and process parameters of continuous extrusion with the help of a three dimensional imita tion model. In calculations, the angle which charac terizes the variation in the deformation trajectory took values in range Φ = 90°-120°, the elongation ratio was λ Σ = 2-6, and the friction factor used when calculat ing reactive friction forces was m = 0.1-0.4.
We investigated the variations of quantities θ and p along current lines. The common feature for all con sidered cases of continuous extrusion is the nonunifor mity of temperature (~6%) and hydrostatic pressure (~30%) in the deformation region.
Seven zones are revealed in the course of a sum mary analysis of variations in θ and p at the basic extru sion stage (see I-VII in Fig. 3 ). These zones qualita tively characterize the extrusion process, and their presence is characteristic of all considered variants of varying the constructive and process parameters.
The plots of varying the temperature and hydro static pressure, which correspond to experimental conditions and are constructed along the meridian plane for three current lines, are shown in Fig. 3 . The selection of current lines is caused by the qualitative variation in the distribution character of quantities θ and p.
The preliminary densification of a noncompact material is performed in zone I due to its press fitting by a clamp roller into the groove of the working wheel, due to which active friction forces start to move in it and in subsequent zones on contact groove surfaces.
Gradual heating of preliminarily densified material occurs in zone II, and no variations in density and hydrostatic pressure are noted for it.
A considerable increase in the hydrostatic pressure is observed in zone III and, consequently, density, which jointly with the deforming force leads to the space between the working wheel and input block to the end of this zone being completely filled by the extruded material. Due to this fact, the area of con tacting surfaces increases and the reactive friction force rises, resulting in the extruded material being heated.
However, temperature of zone IV is insufficient to extrude the material into the gap between the outer cylindrical surface of the wheel and chamber, which promotes an abrupt increase in the hydrostatic pres sure leading to the additional compaction of the extruded material.
The largest value of p is attained in zone V, and, simultaneously, the temperature of the material, which is caused by the work of deformation and reac tive friction force, reaches the magnitude which makes it possible to perform extrusion through the output matrix hole. Intense shear deformations are formed in the course of extrusion due to the variation in the material flow trajectory. They lead to the destruction of oxide layers on the surface of the particles and uncovering the juvenile surfaces. This fact increases the number of regions of plastic welding and promotes the more intense transition of the treated material in the plastic zone. The compact material is deformed in zone VI. In this case, the hydrostatic pressure lowers, while the temperature reaches the maximal value.
We should also note the presence of zone VII, which does not considerably affect the material defor mation in the fifth zone; however, it is an additional heat source due to the friction of the stop with the flash, which passes into the gap between the groove and the stop.
Thus, the proposed zone to zone representation gives a more complete understanding of the processes which occur in the deformation treatment region, and it can be used for the development of a stage to stage analytical model of consolidation of the noncompact aluminum material with the continuous extrusion. (ii) The features of varying θ and p in the zone of deformation treatment of mentioned alloy are revealed. A substantial nonuniformity of the hydro static pressure is revealed which can lead to the non uniformity of properties of formed billets.
(iii) Based on an analysis of results of investiga tions, seven zones are revealed which qualitatively characterize the continuous extrusion of a noncom pact aluminum materials. The proposed band to band representation gives a more complete under standing of the processes occurring in the deformation treatment region.
